While planets are commonly discovered around main-sequence stars, the processes leading to their formation are still far from being understood. Current planet population synthesis models, which aim to describe the planet formation process from the protoplanetary disk phase to the time exoplanets are observed, rely on prescriptions for the underlying properties of protoplanetary disks where planets form and evolve. The recent development in measuring disk masses and disk-star interaction properties, i.e., mass accretion rates, in large samples of young stellar objects demand a more careful comparison between the models and the data. We performed an initial critical assessment of the assumptions made by planet synthesis population models by looking at the relation between mass accretion rates and disk masses in the models and in the currently available data. We find that the currently used disk models predict mass accretion rate in line with what is measured, but with a much lower spread of values than observed. This difference is mainly because the models have a smaller spread of viscous timescales than what is needed to reproduce the observations. We also find an overabundance of weakly accreting disks in the models where giant planets have formed with respect to observations of typical disks. We suggest that either fewer giant planets have formed in reality or that the prescription for planet accretion predicts accretion on the planets that is too high. Finally, the comparison of the properties of transition disks with large cavities confirms that in many of these objects the observed accretion rates are higher than those predicted by the models. On the other hand, PDS70, a transition disk with two detected giant planets in the cavity, shows mass accretion rates well in line with model predictions.
Introduction
While it is now well accepted that exoplanetary systems are ubiquitous, we are still debating how to explain their formation and their diversity. In particular, one of the major shortcomings in this quest is to describe correctly the properties of protoplanetary disks, the site where planets form, in the current models of planet formation (e.g., Morbidelli & Raymond 2016 , for a review).
In the last decade, a big effort has been put into population synthesis models to describe what kind of exoplanetary systems are produced given some assumptions on the disk morphology and evolution, on the formation of planets, and on the accretion of material on planetesimals (e.g., Benz et al. 2014 , for a review). Both the properties of disks at the time of the formation of planets and the exact process governing the growth of dust from small grains to pebbles, and from planetesimals to planetary cores, are still flawed by several unknowns.
In this work we attempt an initial comparison between the assumed disk structure in current planet population synthesis models (Mordasini et al. 2012) with available observations of some of the key disk parameters, in particular the disk mass (M disk ) and mass accretion rate onto the star (Ṁ acc ). Such a comparison ESO Fellow is the first step to validate the assumptions made by the models, on the one hand, and to identify where current models must be revised, on the other hand.
Observational data
To date, the complete disk-bearing population of young stars in two star-forming regions with age ∼1-3 Myr, Lupus and Chamaeleon I, have been observed both with optical spectroscopy with the Very Large Telecope (VLT) X-Shooter instrument and with the Atacama Large Millimeter and submillimeter Array (ALMA). These instruments currently represent the best means to measureṀ acc and M disk . Indeed, combining the X-Shooter data analyzed by Alcalá et al. (2014 Alcalá et al. ( , 2017 and the ALMA data by Ansdell et al. (2016) for the targets in the Lupus complex, Manara et al. (2016b) showed that there is a correlation betweenṀ acc and M disk , when the latter is obtained by converting the continuum flux into dust mass. Similarly, Mulders et al. (2017) confirmed theṀ acc -M disk correlation by combining the X-Shooter data analyzed by Manara et al. (2016a Manara et al. ( , 2017 with the ALMA data analyzed by Pascucci et al. (2016) .
In the following, these two data sets are used as a prime comparison set for the planet population synthesis model disk parameters. We assume that the total disk mass, M disk , is equal to 100 times the disk dust mass, which is measured by converting the observed continuum flux assuming the opacity κ ν = 2.3 cm 2 g −1 · (ν/230 GHz) 0.4 (Andrews et al. 2013 ) 1 and a disk temperature of 20 K (Ansdell et al. 2016; Pascucci et al. 2016; Pinilla et al. 2018) . As in Manara et al. (2018) , M disk is rescaled to the Gaia data release 2 (DR2; Gaia Collaboration et al. 2016 Collaboration et al. , 2018 distances for the individual stars, andṀ acc is also recalculated after rescaling the accretion luminosity and stellar luminosity to the Gaia DR2 distances (see Table A .1-A.2).
We performed a fit of the combined sample of data in Chamaeleon I and Lupus using these revised values. Following Manara et al. (2016b) and Mulders et al. (2017) , the fit is performed using linmix 2 (Kelly 2007) on the objects with detected disks and measuredṀ acc . The best fit relation is logṀ acc = (0.9 ± 0.1) · log M disk − (6.5 ± 0.4) with a correlation coefficient r = 0.6 and a dispersion of 0.9 dex that is slightly more dispersed and steeper than previously reported, but still within uncertainties.
To increase the sample of disks with dust cavities resolved by ALMA, the so-called transition disks, we used the compilation by Pinilla et al. (2018) and included PDS70 (Keppler et al. 2019; Haffert et al. 2019) . The list of objects considered in this work are reported in Table A .4, whereṀ acc and M disk are also rescaled to the Gaia DR2 distances.
Comparison with models for planet formation synthesis
As described by Mordasini et al. (2009 Mordasini et al. ( , 2012 , the Bern planet population synthesis models are based on the core accretion paradigm for planet formation, coupled to a model of disk evolution and tidal migration of the planets (Alibert et al. 2005 2x10 −3 , coupled with a prescription for external far-ultraviolet photo-evaporation (Matsuyama et al. 2003 ) with a mass loss rate randomly sampled to disperse the disk according to a typical disk lifetime (Haisch et al. 2001) , and internal extreme-ultraviolet radiation (Clarke et al. 2001) , which is responsible for opening a gap in the disk whenṀ acc 10 −11 M /yr, plus mass removal because of accretion by growing planets. In the models the initial disk mass distribution is taken from Tychoniec et al. (2018) and has a mean value 30 M Jup and a dispersion of ∼0.2 dex. The initial radii distribution is set using the relation between disk mass and disk characteristic radius (R c ) described by Andrews et al. (2010) , assuming this is valid for the initial disk masses. We note, however, that this relation is based on many disks showing substructures, which are known to be the largest (Long et al. 2019) , and on evolved disks, whose sizes could not reflect the initial size distribution, but could be the effect of radial drift in the disk (e.g., Rosotti et al. 2019 ). The models discussed in this work assume central stars with a mass of 1 M . This assumption is only relevant for the following discussion as a second order correction. Indeed, it is known that the disk mass depends on the stellar mass (e.g., Ansdell et al. 2016; Pascucci et al. 2016 ), but the disk masses covered by models reproduce the full range of observed disk masses for disks around a large range of stellar mass. The information on the mass of the central star enters only indirectly in the values of the viscosity (ν) used in the models. Indeed, this parameter is expressed as ν = αc s H, where c s is the sound speed and H the scale height of the disk; the latter two parameters are obtained by solving for the vertical structure equilibrium due to viscous heating and stellar irradiation as described by Chiang & Goldreich (1997) . Similarly, a dependence of the mass loss rate from photo-evaporation with stellar mass is expected (e.g., Owen et al. 2011 ), but as a second order effect.
In the following, we use the snapshot of the models at t = 2 Myr for a comparison with the data. The models we considered start with 100 seeds of planetary systems, which is the most consistent value with planet detections with Kepler and HARPS (Mulders et al. 2019) . The age at which the models are evaluated is chosen to be in line with typical estimates for the ages of the Chamaeleon I and Lupus regions, which are considered to be ∼1-3 Myr old. At this age, 10% of the modeled disks have masses below the numerical minimum density, i.e., they have dissipated.
The distribution ofṀ acc and M disk for the models (Fig. 1 ) presents three main loci. First (A), ∼65% of the model points are located along a majorṀ acc -M disk sequence, almost parallel to lines of constant M disk /Ṁ acc , and between the lines ofṀ acc -M disk =1 Myr and 10 Myr. Second (B), ∼5% of the points are found at M disk 10 −4 M andṀ acc 10 −11 M /yr, to the bottom left of the plot. Third (C), ∼20% of the points are located at 10 −3 M M disk 10 −1 M and atṀ acc lower than the typical values found in models in the same M disk range. These three main loci are easily understood as: (A) the main location where disks in the models spend their lifetime; (B) the locus of the disks in which internal photo-evaporation has overcome the effect of viscous evolution, has stopped accretion, and is rapidly dissipating the disks; and (C) the locus where giant planet formation has taken place, respectively. We note that the photo-evaporation prescription used in the models is directly responsible for the number of objects present in locus (B) and for the values of M disk andṀ acc , where the separation between loci (A) and (B) is visible. A more vigorous mass loss rate, such as that produced by X-ray photo-evaporation (e.g., Picogna et al. 2019) , would change the shape of the locus (B) and would accelerate the disk dispersal. Thus, a more vigorous mass loss rate would increase the fraction of models in locus (B). In the disk models in locus Article number, page 2 of 9 Manara, Mordasini et al.: Constraining disk evolution prescriptions of planet population synthesis models Mass accretion rate vs. disk mass for the models (filled circles) and for the observed population of disks in the Lupus (blue symbols) and Chamaeleon I (red symbols) regions. Squares are used for disks with measured disk mass and mass accretion rates; squares with arrow report upper limits on the disk mass; downward facing triangles report dubious accretors, i.e., objects with mass accretion rates compatible with chromospheric emission; and the transition disks are highlighted with a circle around the symbol. The red line indicates the best fit. The models are colored for the number of giant planets (M planet > 300M ⊕ ) in the system: orange for no giant planets, cyan for one giant planet, gray for two giant planets, and brown for three giant planets.
(C), a large percentage of the disk accretion flow ends up on the accreting planets instead of the star. Indeed, the models in which at least one giant planet -defined as having M planet > 1 M Jupare highlighted in Fig. 2 and are located in locus (C), represent ∼75% of the models in this locus. As expected, we find the accreting giant planets in massive disk with low or no accretion (e.g., Williams & Cieza 2011; Rosotti et al. 2017) .
The comparison between the data and the models of Fig. 2 shows that the model parameters have some similarities to the observations. In particular, the main locus (A) of theṀ acc -M disk values of the models is in line with the data. Most notably, in the disk mass range from 10 −4 −10 −2 M the upper bound of the locus of the models follows very well the best fit of the observations, whereas at M disk 10 −2 M the models in the main group (A) tend to bend to slightly lowerṀ acc . Moreover, the typical values ofṀ acc are within the observed values for the Chamaeleon I and Lupus regions.
However, a number of significant differences are present. The dispersion ofṀ acc at any M disk of the main locus of the models (∼0.3 dex) is much smaller than that of the data (∼0.9 dex). This is partially because the models shown in this work are not convolved with the typical observational uncertainties ( 0.4 dex). However, the discrepancy is larger than this effect. This discrepancy is in line with the results of Lodato et al. (2017) and Mulders et al. (2017) , who postulated a large spread of model parameters, in particular of the viscous timescale and/or α, and a long viscous timescale on the order of ∼1 Myr to reproduce the observed spread. More specifically, Mulders et al. (2017) require that the values of α are distributed around a typical value of 10 −3 with a dispersion of 2 dex to reproduce the observations in contrast to the single value assumed in the models. The single value of α however still connects to a dispersion in viscous timescales (t ν ) since the initial disk radii present a distribution of values. Indeed, t ν ∝ R 3/2 0 (2 − γ) −2 α −1 (H/R) −2 0 , thus we can assume a value of γ = 1.5, H/R = 0.1, and α = 2 · 10 −3 to derive the viscous timescales of the models. This distribution has a spread of 0.5 dex, smaller than the spread of ∼ 1 dex needed by Lodato et al. (2017) to reproduce the observed M disk -Ṁ acc . The values oḟ M acc for the main locus of the models are then within the typical observed values, but are systematically below the median of the distribution, i.e., the best fit. This fact is related to the assumed value of α and to the other disk initial parameters. A higher value of α increases the predictedṀ acc , but implies a shorter timescale of the disks.
Finally, almost no overlap is present between the observed data and the model points in the (B) photo-evaporative and (C) giant planet forming disk regions. On the one hand, the fact that we do not observe the photo-evaporative disks is easily explainable. These disks are predicted to have low mass, at M disk values where ALMA surveys are incomplete and dominated by upper limits (e.g., Ansdell et al. 2016; Pascucci et al. 2016) , and the lifetime of these disks is expected to be very short, i.e., ∼ 10 5 yr (e.g., Ercolano & Pascucci 2017) . Furthermore, the values ofṀ acc reported by the models for these disks are well below the lowest values detectable from spectra of accreting young stars (e.g., Manara et al. 2013) . These predicted disks could be Class III, i.e., diskless, young stellar objects.
On the other hand, it is worth asking whether the number of models in the giant planet forming disk locus is in line with observations. At the values of M disk corresponding to these models the ALMA surveys are complete, since any disk that shows an infrared excess with Spitzer has been targeted and the sensitivity of the surveys is always such that these massive disks are readily detected. Even in the case in which the disk surveys were not complete, there should be no bias against massive disks with already formed giant planets. Similarly, the spectroscopic surveys connected to the ALMA surveys are ∼ 95% complete, and they are usually slightly incomplete in the lower stellar mass end of the distribution of targets, which corresponds to the lower disk masses. Therefore, it is safe to assume that both the massive disks and the corresponding stars have been observed in the ALMA and X-Shooter surveys. It is in any case possible that the observed targets have values ofṀ acc lower than what is detectable with X-Shooter spectra. As discussed by Manara et al. (2013) and Ingleby et al. (2011) , among others,Ṁ acc compatible with or lower than the typical chromospheric noise of young stellar objects are not measurable from near-ultraviolet and optical spectra. This limit depends on the stellar mass and is typically ∼ 10 −11 − 10 −10 M /yr, exactly in the region where the giant planet forming disks with higherṀ acc are located. Both Alcalá et al. (2014 Alcalá et al. ( , 2017 and Manara et al. (2016a Manara et al. ( , 2017 have reported a number of objects present in the surveys of Lupus and Chamaeleon I for which the excess emission in the spectra has a strength that is compatible with being chromospheric. These objects, highlighted with downward triangles in the plots and referred to as "weak-accretors", are the only candidates to have realṀ acc lower than this chromospheric noise. However, these weak-accretors account for only ∼ 6 − 12 % of the observed population of objects with a disk in these two regions, and have in some cases M disk lower than the lowest masses of giant planet forming disks in the models. Even in the case that these are all objects whoseṀ acc is in line with that reported for giant planet forming disks, the fraction of disks with these lowṀ acc is smaller by at least a factor of two than predicted by current planet synthesis population models. This is well in line with the Article number, page 3 of 9 A&A proofs: manuscript no. data_vs_popsynth 
Transition disks and disks with planets
To better understand the population of giant planets forming disks predicted by the models we compiled a list of known transition disks with dust cavities resolved by ALMA observations, i.e., larger than ∼20 -30 au , see Table A .4). One of the favored explanations for the cavities observed with ALMA is indeed the presence of one, or more, giant planets in the inner regions of these disks. In one case, PDS 70, two accreting giant planets have been detected in the dust depleted cavity (Keppler et al. 2018; Haffert et al. 2019 ). The disk masses anḋ M acc for these targets are shown in Fig. 3 together with the transition disks located in the Lupus and Chamaeleon I regions and the models. All the transition disks with M disk > 10 −3 M have been resolved with ALMA. When the central star is not a Herbig star, theirṀ acc are within the range of the models given their M disk in ∼80% of the cases and are always compatible within the uncertainties. However, ∼10-20% of the targets are only compatible with models of disks with no yet formed giant planets. In a way, this is similar to what was discussed by Ercolano & Pascucci (2017, and references therein) , meaning that there are too many transition disks with high accretion rates than predicted by photo-evaporation models. Allowing a more rapid dispersal of the disk due to planet-induced photo-evaporation (Rosotti et al. 2013 ) might mitigate the discrepancy here by allowing a faster disk dispersal in the low-Ṁ acc and high-M disk objects that formed a planet predicted by the models discussed here. A similar effect would also be obtained including stronger photo-evaporative winds, as in the case of X-ray photo-evaporation, although even these models still are unable to reproduce the observed accreting transition disks with large cavities (Picogna et al. 2019) .
It is worth noting that five transition disks around T Tauri stars (∼25%) presentṀ acc values compatible with those of models in which at least two giant planets have formed, either mea-suredṀ acc values or because they are weak-accretors. In particular, PDS 70 falls well within the region where models predict two giant planets to have formed, and J1604-2165, another wellstudied transition disk, is also in the same region of the parameter space. Furthermore, two of the five Herbig stars with transition disks reported in this work only have an upper limit on the value ofṀ acc , and they can potentially be compatible with havingṀ acc in line with disks with giant planets.
Conclusions
We performed the first comparison between observed properties of disks, namely their mass and mass accretion rate on the central star, with disk properties predicted by models adopted for planetary synthesis population studies for ∼1-3 Myr old protoplanetary disks.
We showed that the planetary synthesis population models typically predict disks with lowerṀ acc than the median measured values, but still within the observed spread. However, the spread ofṀ acc predicted by these disk models is too small to match the observed spread, since the spread in the viscous timescale is too small. This is in line with what was suggested by Lodato et al. (2017) and Mulders et al. (2017) . Therefore, planetary synthesis population models must use a larger dispersion of viscous timescales to match the observations.
The planetary synthesis models discussed in this work predict a larger percentage, of ∼20%, of disks with very lowṀ acc 10 −10 M /yr and high M disk 3 · 10 −3 M than what is observed in ∼1-3 Myr old disk populations, i.e., ∼6-12%. This discrepancy points to either the fact that fewer giant planets are forming in disks than what is predicted by models, as pointed out also by Mulders et al. (2019) , or to the fact that the current prescription of gas accretion onto planets overpredicts the real accretion rate onto planets. The latter would make the accretion rate onto the star lower than observed. This might be related to the models that underpredict the number of intermediate mass planets when compared to the planetary mass function deduced from microlensing surveys (Suzuki et al. 2018) .
The comparison between the models and the measured values ofṀ acc and M disk for transition disks with large cavities, which are possibly explained by the presence of giant planets, shows some agreement with this hypothesis that the cavities are carved by giant planets. Indeed, the majority (∼80%) of transition disks have values ofṀ acc and M disk that are compatible with what is expected for disks with at least one giant planets formed. Most notably, the system PDS 70 has measured M disk andṀ acc well in line with predictions for systems with two giant planets, which have been observed in this system. However, there is a small percentage, ∼20%, of transition disks withṀ acc that is higher than the highestṀ acc predicted by the models. Different initial conditions for viscously evolving disks are needed, or different models of disk evolution should be explored, such as magnetic disk wind driven evolution, to explain these objects.
Future work should focus on detailed comparisons between the models and the current and future observations. In particular, it is important to test whether the disks with M disk 10 −4 M anḋ M acc 10 −12 M /yr, predicted by the currently adopted prescriptions for photo-evaporation and by planet synthesis population models, can be observed. To this aim, higher sensitivity and resolution ALMA surveys are needed. Related to this point, a more detailed description of the effect of internal photo-evaporation, for example including X-ray photo-evaporation (e.g., Picogna et al. 2019) , should be explored in the planet synthesis population models to understand how the picture of disk properties and planet formation would be affected. Finally, this work did not discuss how these properties vary with the assumed stellar masses and at later times. This must be the subject of future studies. A&A proofs: manuscript no. data_vs_popsynth Manara et al. (2016a Manara et al. ( , 2017 
